The purpose of this research is to assess the welfare effects of climate change on the Chilean agricultural sector, with special focus on changes in water availability. The productive impacts of climate change on the agricultural sector are well analyzed at both a global and national level. There is, however, a lack of evidence about the aggregated impacts, considering both demand and supply. This study tries to fill this gap by using a multimarket model, specifically designed for the Chilean agricultural sector. According to our results, changes in water availability will have modest welfare impacts, with an average decrease of total surplus of 4.3%, minor price changes (around −1%), and no significant impacts on total agricultural land. Despite the small aggregated effects, it is expected that climate change will have uneven consequences across regions and activities. For instance, even though the southern zone (zone 3) shows the smallest income changes −14% (average), the impacts within the zone range from 1% to 52% decrease in agricultural net income. This situation suggests large distributional consequences of climate change for the Chilean agricultural sector.
Introduction
The agricultural sector could be one of the most vulnerable economic sectors to the impacts of climate change in the coming decades. Climate change impacts are related to changes in the growth period, extreme weather events, and changes in temperature and precipitation patterns, among others [1] . All of these impacts could have consequences on agricultural production [2, 3] .
Taking into account the key role that water plays for agricultural production, changes in water availability will have a direct impact on the agricultural sector. For instance, simulation results show an increase in the irrigation demand at a global level throughout the 21st century, in order to cope with both climate change and population growth [4] [5] [6] .
The magnitude of climate change impacts will demand an urgent policy response in order to cope with its consequences. Considering the high level of policy intervention that the agricultural sector already has (quotas, taxes, band prices), the required climate change adaptation policies could lead to undesirable outcomes if all the potential linkages within the agricultural sector are not considered as part of a single system. The welfare consequences of poor policies could be large, especially for developing countries where the agricultural sector not only has economic relevance, but is also a keystone for food security [7] .
A main issue regarding climate change impacts is related to the uncertainty associated with their occurrence. Climate change impacts are the outcome of models based on several assumptions, among which the future concentrations of greenhouse gasses are the most relevant; since the Fifth Assessment Report (AR5) of the United Nations Intergovernmental Panel on Climate Change (IPCC) these assumptions are represented by the Representative Concentration Pathways (RCPs) and the Share Socioeconomic Pathways (SSPs) [8] . Within this context, climate change impact assessment should consider this uncertainty in order to produce valuable information for policymakers.
Assessing climate change impacts can be conducted using economic theory through two main approaches: top-down and bottom-up [9] . Top-down models, such us Integrated Assessment Models and General Equilibrium Models, are solved for equilibrium conditions on greenhouse gas (GHG) concentrations, emissions, prices, and quantities, in all of the sectors under analysis [10, 11] . On the other hand, bottom-up approaches, such as bio-economic agricultural models, simulate the agents' (e.g., farmers') behavior, allowing for an ex-ante evaluation of policy interventions. Agricultural models range from studies at farm level, to studies including the whole agricultural sector.
The assessment of the economic impacts of climate change on the agricultural sector requires an approach aimed to provide a detailed picture of the sector and the relationships within it. In this regard, bottom-up approaches (i.e., particular models applied at local level, but driven by global forces) could be an effective tool to evaluate the economic impacts of climate change on the agricultural sector. Considering that climate change will affect the whole agricultural sector, driving price changes, the most suitable approach to address welfare issues at sector level is the agricultural multimarket model [12] [13] [14] . Nevertheless, agricultural multimarket models fall short in relation to the extent of computable general equilibrium (CGE) models, their results also account for direct, indirect, and welfare effects. In this regard, the use of agricultural multimarket models is an improvement over other bottom-up approaches [15] .
Agricultural multimarket models, also known as agricultural sector models, assume endogenous prices. In this case, the agricultural sector is represented through a series of behavioral equations for demand and supply, which are optimized in order to maximize the regional income, or regional surplus, subject to technological, environmental, and institutional constraints [13, 14, 16] .
Multimarket models have been widely used for the analysis of agriculture-related policies. The World Bank developed the first models, whose main purpose was to analyze the impact of price policies on production, demand, income, trade, and government revenues. For developing countries, the work done by both [17] and [18] can be considered a cornerstone model. Originally, [17] was developed for Madagascar as a generic model that could be used as an analytical tool for other African countries, while [18] was developed for Mexico. Regarding its structure, the model from [17] considers four sectors: food crops, livestock, non-agricultural products, and fertilizers. The same model was applied to both Malawi and Madagascar [19] , in order to analyze the impact of agricultural reforms, while [20] analyzed the impact of wheat market liberalization in Egypt. During the last few years, most of the studies have been focused on the economic impacts of different agricultural policies at regional level [21] [22] [23] [24] [25] , country level [26] [27] [28] [29] [30] , and climate related issues [31] [32] [33] [34] [35] .
The economic assessment of climate change impacts on the Chilean agricultural sector has been analyzed from two different perspectives-econometric and optimization-in recent years. [36] developed one of the first studies on this subject, in their article the authors analyzed the impact of climate change on the economic value of land. Using the Ricardian approach [37] the authors simulated the impacts of changes in both temperature and precipitation. Using an econometric model [38] addressed climate change impacts on agriculture as part of a major effort coordinated by the Economic Commission for Latin America and the Caribbean (CEPAL), in this study the authors simulate the economic consequences of changes in agricultural yields. The Agrarian Policies and Studies Bureau (ODEPA) conducted a study at the national level in 2010 in order to account for the magnitude of the economic impacts climate change-change in agricultural yields-could have on the Chilean agricultural supply [39] . On the other hand, using an agricultural supply model [40] simulated the economic impacts of changes on agricultural productivity due to climate change. Regarding the results, most of the studies identified small aggregated impacts, but with large distributional effects across regions and activities. It is worth noting that all the studies conducted in Chile, including this one, were built upon the last available information regarding climate scenarios, physical, and productive impacts of climate change for Chile. This paper presents an agricultural multimarket model, which analyzes the welfare impacts of changes in water availability due to climate change on the agricultural sector. The multimarket model is designed specifically for the analysis of the Chilean agricultural sector, and it accounts for uncertainty through the use of Monte Carlo simulations on water availability. This paper has three salient features. Firstly, it combines in an economic framework the most updated information-for the Chilean case-regarding climate scenarios, physical, and productive impacts of climate change in order to assess the welfare implications for the agricultural sector. Secondly, it increases the small number of studies addressing climate change impacts using multimarket models for developing countries. Finally, this is the first study conducted in Chile in which two types of adaptation options are considered: market adaptation, through changes in market prices; and technical adaptation, through change in productive practices.
Materials and Methods
The Agricultural Multimarket model (AMM) is a static mathematical programming model designed to analyze the agricultural sector with high geographical disaggregation. The core of the AMM includes two sets of equations. The first set describes the behavior of the agricultural producers (supply), while the second set describes the behavior of the consumers (demand). Within this framework, the model maximizes the total surplus of the agricultural sector: producer surplus plus consumer surplus (CPS).
The supply side is characterized by detailed information at the producer level in order to represent a system of outputs supply and inputs demand, which is the result of the assumed profit maximization behavior. The information is differentiated by geographical area, activity, and farming system (rainfed or irrigated), including: area planted, yield, variable costs, and labor demand, which is used to compute total costs, gross margin, and net revenues. The information presented above is complemented with supply elasticities for each activity.
Using the small country assumption, the demand side of the agricultural multimarket model is composed of a matrix of own-price elasticities for agricultural products, which are used to calibrate a linear demand system. These parameters indicate which changes are expected in the demand when supply prices change as a result of a certain policy, or in this specific case, as a consequence of climate change.
The last section of the model includes a set of equations representing the market clearing conditions, in which products' demand cannot be larger than activities' supply. The core model is optimized considering a series of endowment restrictions, such as: total land, irrigated land, and surface water availability. The model is calibrated to a single reference period using Positive Mathematical Programming (PMP) [41] .
PMP is a three-step procedure for model calibration assuming that farmers optimize input use in order to maximize their profits. In the first step, a linear programming model is defined in order to maximize the region's surplus by allocating land and irrigation water to crops.
The farmers are characterized by their profit functions [1] , while the consumers are characterized by their demand functions [2] . The AMM objective function is presented in equation [3] : consumer plus producer surplus (CPS) [12, 42, 43] :
In Equation (1), π is the profit function, ACr,a,s is the vector of average costs per unit of activity, pa is the price of crop a, yr,a,s is the yield per hectare of crop a, in region r, using system s, and Xr,a,s denotes the area (ha) allocated to crop a with farming system s in region r. In Equation (2) is the demand price of product p, φ is the constant term of the demand function, λ is the slope term of the demand function, and is the quantity demanded of product p. Along with the resource and non-negativity constraints, the model includes a calibration constraint. The main decision variables are cropland allocation and irrigation technology choice. The model restrictions are presented below (subscript i denotes the resource type):
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In Equation (4) vcostr,a,s represents the observed variable costs per unit of activity, while in Equation (5) TTC represents the total costs. In Equation (6) rr,a,s represents the matrix of coefficients in resource/policy constraints, and bi,r is the vector of available resource quantities. Equation (7) represents the calibration constraint that bounds the model (in its linear specification) to the observed activity levels in the base year, in which Xr,a,s denotes the land allocation in the base year, and er,a,s represents a small deviation from the base year land allocation. Finally, Equation (8) represents the non-negativity constraints on land allocation.
In the second step, the dual values associated with the calibration constraint are used to specify a non-linear cost function, in which the marginal costs are equal to the market prices at the base year [41, 44] . The model assumes constant average revenues (regardless of the level of activity) and increasing average costs, as well as a non-linear cost function, which captures all production conditions not explicitly modeled. Following [45] [46] [47] the average cost function of activity a can be written:
Additional conditions are: (1) in the base year, the estimated average cost equals the observed average cost for each activity; (2) supply elasticities are exogenous; (3) the assumption of optimal farmers' behavior can be extended to new activities, and cost function parameters can then be approximated by means of optimality conditions.
In the third step, once the cost function parameters have been derived, the calibrated non-linear model is specified, in which the AMM maximizes the CPS [3] subject to [5, 6, 8, 9] .
The model as presented above reproduces both the activity and the demand level observed for the base year and allows us to simulate hypothetical climate change scenarios. The AMM anticipates farmers' responses, in particular changes in cropland allocation and water provision systems, motivated by the differentiated effect of changes in water availability, across crops and across regions. Further, the model incorporates all the available information, and it uses calibrated parameters to model all the conditions that-due to lack of data-could not be considered in an explicit way. The model is consistent with economic theory, and its structure is flexible enough to incorporate all relevant environmental constraints and policy instruments [14, 41, 44, 48, 49] .
Uncertainty is included in the modeling framework using the Monte Carlo method. In this specific case, the model assumes that the water availability is a random variable following a Gamma distribution. Thus, several sets of water availability scenarios are simulated using both uniform pseudo-random numbers and the inverse probability distribution function [50] .
Results and Discussion

The Chilean Agricultural Sector
Due to its geographical characteristics, Chile has diverse climatic zones throughout its diverse regions. These zones range from desert in the north, to alpine tundra and glaciers in the eastern and southeastern areas. At the administrative scale, northern Chile, characterized by an arid and semiarid climate, includes regions from Arica to Atacama. Central Chile, characterized by a Mediterranean climate, includes regions from Coquimbo to Biobío. Southern Chile, characterized by an oceanic climate, includes regions from Araucanía to Los Lagos, while the austral area, characterized by a sub-polar climate, includes both the Aysén and the Magallanes and the Antarctica region (see a map in Supplementary Material, Figure S1 ).
Chile has a large endowment of water resources in both surface and groundwater. However, the water resources are characterized by a high variability in water availability, as well as an uneven distribution of water across the country. Water availability throughout the year is characterized by seasonal behavior, with high precipitation in the winter, and water shortages in the summer.
Across regions, the mean annual rainfall varies between 0 and 10 mm in the northern desert, to more than 3000 mm in the southern region. This uneven distribution has serious impacts on the water available for human consumption, as well as for the agricultural sector.
Within the climatic context presented above, the total agricultural land (18.4 million ha) is divided as follows: 1.7 million ha of cultivated land, 14.03 million ha of grassland, and 2.7 million ha of forested land. Considering only the cultivated land (1.7 million ha), 76% is devoted to annual and permanent crops, while 23.5% is devoted to fodder [51] .
The main annual and permanent crops are: fodder (29.9%), cereals (28%), fruits (18%), industrial crops (8.3%), vineyards (7.6%), and vegetables (5.5%), among other agricultural activities. Regarding farm size, more than 90% of farms have an area within the range of 1 to 20 ha [51] .
Irrigation is a widely spread practice across the country. Chile has 1.1 million ha under some irrigation scheme, representing 64.7% of the total cultivated land. The main activities under irrigation are: industrial crops, fruits, and vineyards [51] . At the macroeconomic level, the agricultural sector represents 4% of the Chilean GDP, and it employs 13.6% of the total labor force [52] .
Study Area
The application of the multimarket model includes a smaller area than those considered in previous climate change impact assessments for the Chilean agricultural sector. The area being analyzed here includes regions from Atacama in the north to Los Lagos in the south. This area includes 265 communes, grouped into 36 provinces, and 10 regions. The agricultural sector is represented by 21 activities, aggregated according to the following categories: Crops (9), Fruits (10), and Forestry (2); the model considers irrigated and rainfed activities, accounting for 3.3 million ha.
The crops considered are: rice (irrigated), oats (rainfed), common beans (irrigated), maize (irrigated), potatoes (irrigated and rainfed), alfalfa (irrigated), and wheat (irrigated and rainfed). The fruits considered are: cherries, plums, peaches, apples, oranges, walnuts, olives, avocadoes, pears, grapes, and vine grapes. Finally, the model also includes the area devoted to forestry, including: pine and eucalyptus, both rainfed activities. The agricultural sector depicted above represents 95.5% of the agricultural activities developed within the study area.
The core information used in the model (area, production, yield) is from the year 2007, and comes from the National Agricultural Census [51] , considering a disaggregation at communal level. The information about costs per commune, activities and watering systems (irrigated, rainfed), as well as labor intensity is the same information that was used in the ODEPA study [39] . Prices were taken from the Agricultural Agency's website [53] , while the elasticities used to calibrate the model were collected from previous studies [22, 54, 55] . All the monetary values (price, costs, gross margin) are taken from 2007.
Two scenarios were modeled in order to assess the economic impacts of changes in water availability. In the first one, the CPS was computed for the base year (2007) using the water availability corresponding to this year, while in the second scenario the CPS in 2007 was computed using the water availability computed by CEPAL [38] , assuming the A2 scenario for 2040.Thus, the economic impacts of changes in water availability were computed as the difference in the CPS for both scenarios. The expected changes in water availability included a 25% decrease in water availability for the Atacama region (Zone 1), −35% for the Coquimbo and Valparaiso regions (Zone 2), and −25% for the Metropolitana region to the south (Zone 3).
Results
According to our results, the expected changes in water availability have a minor impact on the total land allocation, with total agricultural land decreasing by 8300 ha. However, the expected impact across regions is uneven, with the largest impacts in the northern zone. For instance, the Atacama region decreases its agricultural land by 13%, while for both the Coquimbo and the Valparaiso regions the decrease is only 7.6%. On the other hand, from the Metropolitana region to the south, the decrease in agricultural land is negligible (0.04%). Due to the decrease in water availability, farmers will change their practices by moving from irrigated crops to rainfed crops in most of the regions. For instance, the largest changes on irrigated land are in those regions with the largest irrigation share, the Atacama region faces the largest change on irrigated land (−13%), and it is also the only region with 100% irrigation coverage.
The simulated climate conditions will change the relative profits across crops, driving changes towards the most profitable activities within the restricted water supply scenario. Although the change in total land allocation is minor, the impact this has on total agricultural production is quite relevant, with fruits production increasing by 15%, forest production decreasing by 2%, and crop production decreasing by 3%. These figures imply that the expected impact of climate change could have distributional effects with significant differences across regions. For instance, the O'Higgins region represents 29% of the total crop production reduction; and the Maule region represents 63% of the increase in fruit production, as well as 42% of the increase in forest production (Table 1) . Aggregated results by zone and activity show that the impact on crop production is unevenly distributed across the country, with crop production increasing by 23% in Zone 1 and by 4% in Zone 3, while in Zone 2 it decreases by 3%. Fruit production decreases by 10% on average in Zone 1 and 2. Forestry production remains unchanged in Zone 1, increases by 4% in Zone 2, and decreases by 2% in Zone 3.
The productive impacts by Zone show that Potato production is the only crop that increases its production within Zone 1, by approximately 23%. Regarding fruits, the largest decrease is reported in olive production 7800 tons (−43%). On the other hand, vineyards increase their production by approximately 2000 tons, representing an increase of 48%. Regarding Zone 2, it reports a decrease of 44,500 tons (−5%) in agricultural production, out of which avocadoes, olives, and walnuts account for the largest share. On the other hand, vineyards, oranges, and grapes increase their production by 48,000 tons. Finally, results in Zone 3 show an increase in both vineyards production (46%) and avocadoes production (58%), while wheat and maize decrease their production ( Table 2 ). All the changes described above are associated with the reallocation of water towards its more valuable use, in this case potato production in Zone 1, pine production in Zone 2-as it is a rainfed activity it implies allocating the scarce water to other crops, and avocado production in Zone 3.
Along with the agricultural supply impacts described above, the AMM model also accounts for impacts on agricultural consumption. These changes in agricultural supply drive inverse changes in demand prices. For instance, crop prices decrease on average by 20%; this change is driven by the large decrease in the price of potatoes and rice, 59% and 49%, respectively. On the other hand, fruit prices increase in average by 16%, in this case the change is driven by the increase in prices for plums (96%), walnuts (69%), and pears (48%) ( Table 3) . All the changes described above will drive a 16% decrease in the agricultural net income, equivalent to USD 344 million. At the regional level, the Metropolitana, O'Higgins and Maule regions account for 67% of the total decrease in income (USD 248 million). The Metropolitana region loses the largest proportion of its net income: −52%, followed by the Valparaiso region (−27%), and the Atacama region (−23%). On the other hand, the Los Rios, Araucania, and Los Lagos regions show the smallest losses due to climate change (−1%-3%).
As shown in Table 4 , the zone most affected by climate change (Zone 2) is not the most affected in economic terms. This is because land distribution across zones is uneven, with Zone 1 accounting for a small proportion of total agricultural land (0.1%), followed by Zone 2 (3.7%), and Zone 3 (96.2%). Thus, to have a better picture of the economic impacts by Zone, it is necessary to adjust the net income according to the agricultural land that exists in each zone. By doing this, the results are consistent with the simulated climate change scenarios, with Zone 2 showing the largest decrease in its income per hectare (−18%), followed by Zone 3 (−14%), and Zone 1 (−12%). By computing the CPS, it is possible to assess the welfare effects of changes of water availability in the Chilean agricultural sector, this is done by combining the economic impacts faced by farmers and consumers. In this specific case, the impact of climate change on the agricultural welfare is USD 757 million, changing from USD 15.6 billion to USD 14.8 billion (−4.8%).
Considering that the agricultural model presented here accounts for climate change impacts on water availability, the welfare implications should be considered as a lower bound because the model does not account for climate change impacts on rainfed agriculture. In order to have an approximation about the consequences of this approach, a new version of the model was run. The new version includes the expected changes on rainfed yields (reported by Santibáñez, et al., 2008 [56] ), along with changes in water availability. Results suggest that the differences on welfare are quite small, with losses in the CPS equivalent to 3.9%, versus the 4.8% computed in the original version.
In order to account for the uncertainty associated with the change in water availability, a series of Monte Carlo simulations were developed. The objective was to determine the probability of a certain CPS level's occurrence, depending on the water availability scenario analyzed. This approach implies perfect knowledge about each of the stochastic draws. For simplicity, we assumed that the Gamma distribution parameters are computed per activity and Zone, using the mean and the variance of the water availability sample. Using these parameters, a series of 400 water scenarios were computed. The cumulative distribution function for the Consumer plus Producer Surplus at the country level is presented in Figure 1 . Our estimation of the welfare impact for the climate change scenario (USD 14.8 billion) lays in the upper part of the cumulative distribution, with a probability of occurrence higher than 80%, thus confirming the significance of the results obtained and their robustness in terms of sensitivity to climatic uncertainty. The analysis of the distribution shows also that the 50th percentile is USD 11 billion and the 25th percentile is USD 6.347 billion, thus indicating that even quite lower CPS values could be determined by climatic variability, but their probability of occurrence following our assumptions is rather low.
In a wider context, our results are in line with other studies, at both national and global scales, in which climate change could threaten the agricultural sector. At the national level, the results reported here are consistent with those reported by previous studies in Chile, with largest impacts on the northern zone and small aggregated impacts. According to our results, the impact on the total agricultural net income (−16%) is larger than the ones reported in previous studies. For the same climate change scenario (A2-2040) [38] , reported the lower bound of −10% on income change, while [40] reported the upper bound (−3%). The gap between our results and previous ones is explained by the different methodologies used in each case. Even though our model explicitly includes the demand side, the modeling approach -using own price elasticity matrix-does not allow for substitution. On the other hand, at the global level, [57] found that climate change will drive an increase on both maize and wheat prices, with associated impacts on the meat market. Regarding the distributive impacts of climate change, [58] reported large distributional consequences across countries and activities due to climate change. Finally, there is an increasing discussion within the literature about the economic models' assumptions about farmers' adaptive capacity, in which most of the adaptation costs are ignored, overestimating their capacity to cope with climate change [59, 60] . 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000
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Conclusions
The main conclusion of this study is that the welfare effects of changes in water availability are small at the national level, but with considerable distributional effects. At activity level, plum, walnut, and avocado producers will be worse-off compared to vineyard, orange, and apple producers. This could worsen the inequity that already exists in Chile, presenting additional challenges for coping with climate change. On the other hand, the average decrease in demand prices of 1% within agricultural products hides large differences across sectors.
However, despite the modeling effort conducted in this research, some drawbacks remain. These limitations are related to the demand system, input substitution, and irrigation facilities. The way in which the demand system is modeled does not allow for the analysis of poverty issues that could be a consequence of changes in the agricultural sector's production structure. Due to a lack of information, the model does not account for substitution options between water and other inputs, nor does it consider the use of irrigation deficits as an adaptation option to climate change. Then again, the model assumes that the expansion of the irrigated area is costless, underestimating the costs associated to the change in the crop pattern. Finally, climate change impacts on the rainfed sector are modeled as a productivity shock, without an explicit functional form relating water and agricultural yields. Nevertheless, the structure of the model allows us to include these topics once the data becomes available.
The re-allocation of land across the country implies several impacts that are not modeled here, such as: environmental impacts due to land use change, as well as social impacts. Regarding the latter, the use of these types of models should be part of a more complete analysis of climate change in the agricultural sector, these analyses should explicitly include the social component. This is very important considering the social consequences of changes in farming practices that are deeply rooted within the farmers' communities.
